Phage-encoded serine integrases are widely used in genetic engineering. They also have the potential to serve as efficient DNA assemblers, demonstrated by the method of site-specific recombination-based tandem assembly (SSRTA) that can combine biological parts into devices, pathways, and systems. Here, four serine integrases, ϕBT1, TG1, ϕRv1, and Bxb1, were investigated to ascertain their in vitro DNA assembly activities. Bxb1 integrase displayed the highest efficiency to obtain final products. Thus, we conclude that Bxb1 integrase is an excellent choice for DNA assembly in vitro. Using this enzyme and its recognition sites, BioBrick standards were designed that are compatible with the SSRTA method for module addition. A rapid and efficient procedure was developed for the assembly of a multigene metabolic pathway in one step, directly from non-cutting plasmids containing the gene fragments. This technique is easy and convenient, and would be of interest to the synthetic biology community.
Introduction
The advent of synthetic biology has led to the development of a wide range of approaches and perspectives in the fields of biophysics, biochemistry, medicine, biomedical engineering, and molecular cell biology [1] . The aim is to build complex biological systems from standard replaceable parts, which requires effective methods for assembling DNA fragments into devices and modifying these devices [2, 3] . Recent DNA assembly strategies, including BioBrick [4] , BglBrick [5] , Golden Gate assembly [6] , In-Fusiont [7] , SLIC [8] , and Gibson assembly [9] , are mainly based on restriction enzyme digestion and ligation or homolog recombination, with few using a sitespecific recombination system. Among the above techniques, the BioBrick standard is easy to learn and has been widely adopted in synthetic biology. Techniques used in BioBricks assembly are DNA restriction/ligation. A BioBricks part is a fragment of a DNA sequence encoding a specific restriction enzyme site. The prefix sequence encodes EcoRI (E) and XbaI (X) sites, while the suffix sequence encodes SpeI (S) and PstI (P) sites. Because XbaI and SpeI are isocaudamers, they can be ligated head-to-tail to generate a hybrid DNA piece with an eight base-pair 'scar' site. The Gateway system, based on λ integrases and developed by Invitrogen (Carlsbad, USA), displays high efficiency and high throughput in DNA cloning. Site-specific recombination-based tandem assembly (SSRTA) [10] and serine integrase recombinational assembly (SIRA) [11] methods are also accurate and efficient and can join multiple DNA parts in vitro. In addition, site-specific recombination could be used to obtain a huge microbial secondary metabolism gene cluster of more than 100 kb [12, 13] . This suggests that they may have potential applications in synthetic biology for large multigene recombinations.
Serine integrases are phage-encoded site-specific recombinases that promote conservative recombination reactions between short (40-60 bp) recognition sites located on the phage (phage attachment site, attP) and bacterial (bacterial attachment site, attB) chromosomes [14] [15] [16] . These result in an integrated prophage flanked by two new recombination sites, attL and attR. They belong to the group of large serine recombinases that catalyze unidirectional recombination between attachment sites, independent of DNA supercoiling and host cofactors. Four frequently used serine integrases derived from Streptomyces phages, ϕBT1 [17] and TG1 [18] , or mycobacteriophages, Bxb1 [19] and ϕRv1 [20] , have been shown to be highly efficient in promoting site-specific recombination in an extra-chromosomal environment. These integrases would also be applicable to the assembly of multi-fragment DNAs in vitro upon the location of attachment sites.
In this study, we compared the site-specific in vitro recombination systems of ϕRv1, ϕBT1, TG1, and Bxb1 based on purification of the above four integrases. The site-specific recombination system mediated by the Bxb1 integrase was shown to be the most efficient to obtain final products. Hence, we optimized the SSRTA method using Bxb1 integrase to accurately and rapidly assemble lycopene biosynthetic cluster (crtEBI) with a compatible BioBricks standard [21, 22] . By employing the ccdB lethal gene [23] as a selective marker and the BAC backbone as a vector, a more convenient and efficient procedure was established for performing multigene metabolic pathway assembly directly from plasmids, making PCR or restriction digestion unnecessary for preparing the DNA substrates.
Materials and Methods

Bacterial strains and growth
Escherichia coli strain DH10B was used for cloning plasmids with pUC replication origin. Routine bacterial growth was in LuriaBertani medium. During plasmid construction, ampicillin (100 mg/ml), chloramphenicol (30 mg/ml), and kanamycin (50 mg/ml) were added as required. Escherichia coli DH10B was used for routine transformation and maintenance of plasmids. Escherichia coli BL21 was used for protein expression.
Escherichia coli cells were made chemically competent with 50 mM calcium chloride and transformed using standard methods. Transformation routinely yielded between 2 × 10 6 and 6 × 10 6 transformants per mg pUC19 plasmid DNA. Electro-competent E. coli DH10B cells were prepared by repeatedly washing in 10% icecold glycerol and electroporated using a Bio-Rad MicroPulser apparatus set on EC2 (2.5 kV, 5.9 ms time-constant), in a 2-mm cuvette according to the manufacturer's instructions (Hercules, USA). 
Protocol for construction of the plasmids
The plasmids used in this study are shown in Table 1 and Supplementary Table S1 . attB/attP sequences used in this study are shown in Supplementary Table S2 . Oligonucleotides used in their construction are shown in Supplementary Tables S3, S4 , and S5. BioBricks were obtained from the registry of standard biological parts (http://parts.igem.org). Int_K6_BP0 plasmid was constructed based on pSB1C3-BBa_K118006 by inserting attB0 between XbaI and EcoRI, attP0 between SpeI and PstI. Int_K118014_B0P6 plasmid was constructed based on pSB1A2-BBa_K118014 by inserting attB0 between XbaI and EcoRI, attP6 between SpeI and PstI; Int_K118006_B6P13 plasmid was constructed based on pSB1C3-BBa_K118006 by inserting attB6 between XbaI and EcoRI, attP13 between SpeI and PstI; Int_K118005_B6P13 plasmid was constructed based on pSB1C3-BBa_K118005 by inserting attB13 between XbaI and EcoRI, attP15 between SpeI and PstI. Int-pUC57 was based on pUC57-kan, a kanamycin-resistant pBR322 origin vector, by adding attP0 and attB15. Bxb1_bioK14_B0P6 was constructed based on pSB1A2-BBa_K118014 by inserting attB0 on the downstream side of XbaI and EcoRI, attP6 on the upstream side of SpeI and PstI; Bxb1_bioK6_B6P13 was constructed based on pSB1C3-BBa_K118006 by inserting attB6 and attP13 as above; Bxb1_bioK5_B13P15 was constructed based on pSB1C3-BBa_K118005 by inserting attB13 and attP15 in the same way. All att sites as above were made by annealing att forward and reverse strands. Bxb1_biopUC57 was a standard BioBrick plasmid constructed based on pUC57-kan by total gene synthesis promoter/BBa_J23100, attP0, attB15, and terminator/ BBa_B1006. Bxb1_biopST-ccdB is a stringent plasmid with pBAC backbone containing the 'synthesis' part as above from Bxb1_biopUC57, and then P1010 ccdB BioBrick was inserted between the attP0 and attB15 sites. All plasmid or DNA parts were confirmed by restriction analysis and DNA sequencing (primers shown in Supplementary Table S6 ).
PCR analysis
Fragments for gene assembly were amplified by PCR using PrimeSTAR HS DNA polymerase with the primers and templates shown in Supplementary Tables. Reactions (50 ml) generally contained 2 × buffer with 1 ng of plasmid template or 50 ng genomic template and 0.5 μl PrimeSTAR HS DNA polymerase. Reaction mixtures were subjected to an initial denaturation step of 98°C for 2 min, followed by 35 cycles of 98°C for 10 s, 55°C for 15 s, and 72°C for 60-120 s. After a final step of 72°C for 5 min, the products were separated on 1% agarose gels in tris-acetate buffer [40 mM Tris base, 20 mM acetic acid, 1 mM ethylenediaminetetraacetic acid (EDTA)], stained with ethidium bromide, excised under long-wave ultraviolet illumination, and purified using a DNA gel extraction kit (Sangon Biotech, Shanghai, China) according to the manufacturer's instructions, with an extra wash step with ddH 2 O. Purified PCR products were quantified by agarose gel electrophoresis with known DNA standards or by measuring UV absorbance at 260 nm.
Preparation of enzymes and DNA
All integrases carrying a histidine-tag infused N-terminus were over-produced in E. coli BL21 (DE3). The cells were grown with 2 × YT at 37°C for 3-4 h until the OD 600 reached 0.8-1.0. Isopropyl β-D-1-thiogalactopyranoside was added to give a final concentration of 0.1 mM to induce expression of the integrase following overnight incubation at 18°C (10-16 h). After the cells were harvested by centrifugation, the pellets were resuspended, ultrasonicated, and subjected to Ni-nitrilotriacetic acid (NTA) purification according to the Ni-NTA purification system (Invitrogen). The fractions containing integrase were maintained in TEDN buffer (20 mM Tris-HCl, 2 mM EDTA, 1 mM dithiothreitol, 1 M NaCl, pH 8.0) and concentrated by ultrafiltration (Millipore, Billerica, USA). After the addition of glycerol to give a final concentration of 50% (v/v), the purified protein was stored at −70°C. SDS-PAGE with a 10% (w/v) polyacrylamide separating gel was performed [17] . Protein concentrations were quantified by the Bradford method.
Procedure of assembly and verification of the lycopene biosynthetic cluster
The linearized crtB, crtE, and crtI parts were amplified together with the designed ribosome binding sites (RBS) by PCR using PrimeSTAR HS DNA polymerase and the primers VF2/VR (Supplementary Table S4 ). Bxb1_biopUC57 and Bxb1_biopST-ccdB were used as basic backbone vector parts. The final products of the lycopene biosynthetic cluster were verified by PCR and the primers are listed in Supplementary Table S6 .
Standard in vitro recombination assays
Standard recombination reactions were carried out in a reaction mixture (10 μl) containing 10 mM Tris-HCl, pH 8.0, 100 mM KCl, 5% glycerol, and integrase [17] except where otherwise indicated.
Each reaction contained 100 ng DNA substrates and the final concentrations of monovalent cations were 150 mM. Reactions using linear DNA substrates were incubated at 30°C for 30 min and were terminated by heat inactivation at 75°C for 10 min or treated with proteinase K at 55°C for 30 min; products were separated by electrophoresis on agarose gels (1.5%). Comparison of the assembly of two fragments among ϕBT1, Bxb1, ϕRv1, and TG1 integrase was assayed by two parts of Int_K6_BP0 with attB0 and attP0, respectively, and the comparison of assembly of multi-fragments was assayed by five parts with four pairs of att sites.
Results
Comparison of the efficiency of an in vitro site-specific integration system mediated by four serine integrases Serine integrases make staggered cuts on either side of a central two base-pair 'overlap' sequence in both attP and attB, exchange the resulting half-sites and rejoin them to form two new sites, attL and attR [24, 25] (Fig. 1B) . The central 2-bp overlap sequences of the two sites must match perfectly for efficient recombination, but their precise sequence has little effect on the efficiency of recombination [26] . Two fragments, each carrying an attB0 and an attP0 site, were prepared by PCR using K118006B-F/-R and K118006P-F/-R as primers and Int_K6_BP0 as the template (Int represents ϕBT1, Bxb1, ϕRv1, or TG1 integrase) ( Fig. 1A and Supplementary Fig. S1 ). These compatible substrates were used to assay all four integrases.
One unit of enzymatic activity was defined as the conversion of 50% site-specific recombination of 100 ng of substrates carrying attB and attP sites to products containing attL and attR sites in 2 h. The appropriate dilution ratio to nearly one unit was calibrated, as shown in Supplementary Fig. S2 . The protein amounts (μg) corresponding to 1 U of ϕBT1, Bxb1, and TG1 integrase are 0.460, 0.064, and 0.594, respectively. ϕBT1, Bxb1, ϕRv1, and TG1 integrase Strain Escherichia coli DH10B F-endA1 recA1 galE15 galK16 nupG rpsL ΔlacX74 Φ80lacZΔM15 araD139 Δ(ara,leu)7697 mcrA Δ (mrr-hsdRMS-mcrBC) λ-
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Escherichia coli BL21 F-ompT gal dcm lon hsdSB(rB-mB-) λ[DE3 (lacI lacUV5-T7 gene 1 ind1 sam7 nin5)] Lab-stock Escherichia coli DB3.1
Carrying the gyrA462 mutation Lab-stock recombination activities were assayed in vitro for 12 h at 30°C using one unit of enzyme and equimolar amounts of substrates containing corresponding attB0 and attP0 sites, respectively. The numbers of moles of the two fragments were determined to be the same by calculating the DNA concentrations and the lengths of the fragments. Bxb1 integrase displayed the best recombination efficiency to obtain products with no residual substrates remaining (Fig. 1D) . Furthermore, the efficiency of the recombination of multiple DNA fragments was analyzed via the assembly of five DNA fragments. Because each attP site recombines with its matching attB site but not with any other, four different attP/attB pairs [27] that recombine only with each other in a defined orientation (top strand/bottom strand), 5′-GT/5′-CA (attB0/attP0), 5′-CT/5′-GA (attB6/attP6), 5′-CA/5′-GT (attB13/attP13), and 5′-CC/5′-GG (attB15/attP15) (Fig. 1C) were used in our approach. We added attB and attP sites to the plasmids pSB1A2-BBa_K118014, pSB1C3-BBa_K118006, and pSB1C3-BBa_K118005 carrying crtE, crtB, and crtI, respectively, as shown in Supplementary Fig. S3 . Then, five linearized plasmid segments ( Supplementary Fig. S3 ) containing four pairs of attB and attP DNA parts in direct orientation were prepared as substrates for further analysis. The results showed that the activity of Bxb1 integrase is obviously superior compared with any other integrases (Fig. 1E) . In our previous study, the site-specific recombination system mediated by ϕBT1 was efficient [17] and it had been applied to the assembly of an entire epothilone biosynthetic gene cluster from seven individual modules [10] . Here, we introduce Bxb1 integrase as a more efficient candidate for joining multiple DNA molecules.
Bxb1 integrase-mediated highly efficient metabolite pathway assembly with a compatible BioBrick standard
The standardization of biological parts and their assembly is one of the core ideas in synthetic biology. To achieve this with parts (e.g. RBS, promoters, DNA binding proteins, etc.), researchers at Massachusetts Institute of Technology established the BioBrick standard using four unique restriction enzyme sites (EcoRI, XbaI, SpeI, and PstI) [21, 22] . Standard BioBrick assembly can only assemble two parts at one time, with restriction digestion and ligation. However, the SSRTA method based on site-specific recombination can easily assemble multiple DNA parts in one single step. To construct functional modules in the SSRTA method, 'entry vectors' containing att sites were used as TA cloning vectors for PCR product insertion [10] . To take advantage of the easy multipart assembly of the SSRTA method and adapt it for the huge numbers of BioBrick parts, we modified the SSRTA method by establishing a compatible Fig. S2 ) containing four pairs of attB and attP in direct orientation (see scheme in panel C). Bxb1 integrase displays the best effect compared with the other integrases.
BioBrick standard to facilitate its wider applications. All att sites were made compatible with the BioBrick standard ( Fig. 2A) and inserted into BioBrick plasmids, and then they were prepared as substrates for SSRTA assembly.
To test the efficiency of Bxb1 integrase in the SSRTA assembly with a compatible BioBrick standard, we attempted to assemble the lycopene biosynthetic pathway from att sites containing BioBrick parts. Three crtEBI genes were individually PCR amplified from corresponding att site containing plasmids and then inserted into the base vector Bxb1_biopUC57 (Fig. 2B and Supplementary Fig. S4 ). Each crt gene contains a separate RBS. Bxb1_biopUC57 is a BioBrick standard vector constructed from plasmid pUC57-kan by inserting attP0 and attB15. In addition, promoter-J23100 and terminator-B1006 were designed in the plasmid.
The efficiency of Bxb1 integrase-mediated SSRTA assembly was assayed by transforming E. coli DH10B with four segments containing crtEBI and vector Bxb1_biopUC57. The colonies of right recombinants were dark red, while those of unexpected recombinants were white (Fig. 2C) . Four diverse groups were tested in this study, including linearized crt gene fragments/linearized Bxb1_biopUC57 (L-L), linearized crt gene fragments/circular Bxb1_biopUC57 (L-C), three circular plasmids carrying crt gene fragments/linearized Bxb1_biopUC57 (C-L), and three circular plasmids carrying crt gene fragments/circular Bxb1_biopUC57 (C-C) ( Supplementary Fig.  S4 ). The results showed that the positive rate of L-L was significantly higher (up to 90%) than those of the other three groups, while the rates of groups L-C and C-C were very low (<1%). Group C-L had an intermediate rate (positive rate of 20%-30%) (Fig. 2D) . Random selections of 10 red colonies were sequenced and they are the expected recombinants; two white colonies were also analyzed and they are mainly the transformants of the empty vector Bxb1_biopUC57 with no crtEBI genes inserted or a few incorrect assembly products. The linearization of the vector could reduce the background of the empty vector, while the data illustrate that the linearization of the fragments is critical for an efficient assembly reaction (especially the linearization of the vector).
A rapid and efficient procedure for assembly of a metabolite pathway from non-cutting plasmids
In order to improve the positive yield of transformant colonies and use supercoiled plasmid directly as a vector, ccdB [28] , a lethal gene, was designed in Bxb1_biopST-ccdB vector screening in ccdB-sensitive E. coli DH10B (Fig. 3A) . The vector Bxb1_biopST-ccdB has a much higher capacity for insertion as it contains the BAC backbone, although the heterologous expression of lycopene based on Bxb1_biopST-ccdB in E. coli was lower than that based on Bxb1_biopUC57 due to its low copy numbers in the host. The colonies of right recombination were yellow while those of unexpected recombination were white ( Fig. 3B and Supplementary Fig. S5 ). Similar to the above method, two groups of linearized crt gene fragments/circular Bxb1_biopST-ccdB (L-C) and three circular plasmids carrying crt gene fragments/circular Bxb1_biopST-ccdB (C-C) were tested here. The results showed that the positive rates of both L-C and C-C were very high, nearly 100% and 95%, respectively (Fig. 3C) . Circular Bxb1_biopST-ccdB is a vector proved to have perfect recombination efficiency due to the selection of the ccdB lethal gene. Since a large plasmid is difficult to linearize by PCR or digest with suitable enzyme loci, the use of circular plasmids as vectors with direct insertion offers great advantages and is convenient.
Discussion
Synthetic biology is an emerging discipline that integrates engineering principles with complex combinations of DNA components to construct biological systems with new properties. The development of efficient methods for de novo synthesis of biological parts from a pool of oligos has greatly enhanced the progress of synthetic biology. Nowadays, more and more companies are providing commercial services for de novo DNA synthesis, and most of them are using the polymerase chain assembly method to synthesize designed DNA pieces of up to several kilobases. In order to obtain gene clusters or pathways, multiple approaches, e.g. the BioBricks standard, Gibson assembly, and SLIC, are now available. Most of these methods cannot produce large libraries of variant assemblies from large numbers of DNA fragments for use in combinatorial assembly strategies.
Once we assemble a huge gene cluster (>50 kb), SSRTA based on a site-specific recombination system is efficient [10] . In order to obtain a highly efficient, rapid-acting and easily used serine integrase, four serine integrases, ϕRv1, ϕBT1, TG1, and Bxb1, were assayed using the criteria of both accuracy and efficiency in vitro. These four integrases have different affinities for their DNA substrates and products. The process of recombination is also complicated and involves a conformational switch. Thus, after recombination, the ratio of DNA products to substrates will be diverse when different serine integrase systems are employed. As the results shown in Fig. 1D , Bxb1 integrase catalyzed the reaction more thoroughly with fewer residue substrates with an extended reaction time (2-12 h). It displayed the highest efficiency to obtain final products, specifically in the assembly of multi-fragments as shown in Fig. 1E . In contrast, ϕBT1 integrase catalyzed a reverse reaction during assembly [17] and ϕRv1 integrase exhibited a slower reaction over 2 h, so they were not considered for further analysis. In summary, Bxb1 integrase mediated excellent, efficient site-specific recombination in vitro in this study.
In order to establish a more broadly useful application, we designed an SSRTA compatible interface with a BioBricks standard. The idea of a BioBricks standard was developed to introduce engineering principles, including standardization, decoupling, and abstraction, into the field of synthetic biology. Since the advent of the original BioBricks standard, huge numbers of BioBrick parts have been characterized and much effort has been made in improving the standard and enriching the parts library. Here, with the SSRTA compatible BioBricks standard, another efficient toolkit has been added. Researchers can easily assemble multiple functional BioBricks parts concurrently using an SSRTA procedure.
In this study, we assembled the lycopene biosynthetic pathway based on four pairs of att sites using a compatible BioBrick standard, and determined the assembly efficiency of four groups L-L, C-L, L-C, and C-C. The linearization of the vector is the key to assembly, since many false positive clones were transformed by circular vectors resulting in no recombination reaction. In addition, the efficiency of the C-L group was lower than that of the L-L group because gene parts in the form of plasmids are likely to cause the formation of more unexpected recombinants. However, the reason for this incorrect assembly remains largely unknown. In contrast, gene parts in linearized form must be assembled in sequence in order to constitute a plasmid, thus the expected final products were more readily obtained.
Finally, by using Bxb1_biopST-ccdB as the vector, the assembly of the lycopene biosynthetic pathway could be performed from noncutting plasmids directly based on the ccdB gene. Moreover, the positive rate reached almost 100%, which made it possible to assemble a gene cluster in just one step and enabled the process to be carried out with large inserts as well.
With the availability of a huge number of genomes, the number of predicted clusters for secondary metabolites has expanded rapidly. For many of these clusters, engineering might be interesting to enable further characterization. Thus, this technique, performed as a one-step method, mediated by Bxb1 integrase and combined with the BioBrick standard, offers great advantages in the recombination of huge secondary metabolite gene clusters due to its convenience, high efficiency, and flexibility.
Supplementary Data
Supplementary data is available at ABBS online. Fig. 2) shows the assembly using the Bxb1_biopST-ccdB vector with the ccdB gene. (B) Heterologous expression of the lycopene biosynthetic cluster in E. coli DH10B. The images show cell pellets from one correctly assembled construct (yellow) and one incorrectly assembled construct (white). (C) The histogram shows the percentages of transformant colonies producing lycopene under different conditions. L-C and C-C represent linearized crt gene fragments/circular Bxb1_biopST-ccdB and three plasmids carrying circular crt gene fragments/circular Bxb1_biopST-ccdB, respectively.
